This paper investigates experimentally the onset of thermoacoustic instability and ensuing emergence of self-excited oscillations of air in a looped tube with a pair of identical stacks installed inside on diametrically opposite positions. Each stack is sandwiched by hot and cold (ambient) heat exchangers so that a temperature gradient may be imposed on it in the same sense. The loop is circular except for two short straight sections in which the stack and the heat exchangers are housed. Four sets of stacks of 100, 300, 600, and 900 cells=in 2 are used to examine influences of stack's pore radius on the onset of instability and the steady state of oscillations. It is found that thermoacoustic self-excited oscillations emerge spontaneously for all sets of the stacks in a 1-wave mode where the loop length corresponds to one wavelength of oscillations. It is also found that for the stacks of 900 cells=in 2 , a 2-wave mode also emerges besides the 1-wave mode. Temperatures of the heaters are constantly monitored and excess pressures are measured at four positions. The onset of instability is examined in light of marginal conditions obtained theoretically and step-up behaviors are discussed in terms of the temperature ratio and the growth rate. It is revealed that the pressure profiles of oscillations at the steady state propagate along the loop in the same sense as the temperature gradient and that the peak-to-peak pressure takes a maximum near the stack. As it increases, emergence of acoustic shock waves is observed except for the case with the stacks of 100 cells=in 2 . Physical mechanisms of shock formation are discussed in terms of eigenfrequencies of oscillations in higher modes.
Introduction
When a quiescent gas is subjected to a steady and steep temperature gradient, it occurs that heat flow becomes unstable to give rise to spontaneous, self-excited oscillations of the gas. As these are now known as thermoacoustic oscillations, they can occur in the form of a standing wave in a closed tube or of a traveling wave in a looped tube.
Because emergence of the oscillations results from transformation of thermal energy in the heat flow to mechanical one of oscillations, this may therefore be regarded as the very action of a prime mover. 1, 2) From this viewpoint, much attention has been focused on implementation of thermoacoustic heat engines exploiting the oscillations. As for efficiency, the traveling-wave type of heat engines is superior to the standing-wave one and many researches are being made of the traveling-wave type.
An idea of thermoacoustic heat engine exploiting the traveling wave was proposed first by Ceperley, 3) but it was Yazaki et al. 4) who demonstrated experimentally that thermoacoustic oscillations can occur in a looped tube by installing a so-called stack into the tube and imposing a temperature gradient along it. This achievement ignited many researches and fundamental aspects of the onset of instability have been clarified to some extent. Using Rott's equation developed to examine Taconis oscillations in cryogenics, 5, 6) the marginal conditions of instability is derived by Penelet et al. 7) and Ueda and Kato. 8) However self-excited oscillations which ensue from the initial instability are nonlinear ones and not well understood. Some phenomena associated with oscillatory flow such as acoustic streaming known as Rayleigh streaming and Gedeon streaming, 2) thermoacoustic streaming, 9) formation of vortical flows near ends of the stack and enhanced heat transfer 10, 11) affect the amplitude of emergent oscillations. In addition, it is recently reported that as the pressure increases, acoustic shock waves emerge. 12) Obviously this gives rise to saturation of the amplitude by a cascade transfer of energy to higher harmonics.
These studies use a looped tube of desktop size with a single stack inserted. For a practical energy harvesting from thermoacoustic systems exploiting geothermal energy or waste heats, a tube itself will have to be large and multistacks will be necessary. Toward scale-up of an apparatus, experiments using a looped tube of an intermediate size are necessary to find out whether or not the results in the small loops are applicable, and new problems or phenomena due to scale effects occur. Besides, looped tubes in the preceding studies are not circular but have bends such as elbows or Utubes. This is not only because the loop is easily made by the bends but also because asymmetry in shape is believed to promote instability. This should be clarified.
In view of these, this paper reports on experiments performed in a larger, circular looped tube with atmospheric air filled and a pair of stacks installed to examine first possibility of instability of heat flow leading to thermoacoustic self-excited oscillations. If the instability occurs, then, influences of a pore radius of the stack on behaviors at the onset of instability and emergent oscillations at a steady state are examined by comparing the results against the theoretical ones.
In what follows, the experimental setup of the looped tube is described in Sect. 2 and results of the experiments are presented in Sect. 3. In Sect. 4, the experimental results are compared with the existing theory and discussed.
Experimental Setup

Looped tube
The experimental setup is depicted in Fig. 1 . The looped tube is of length 13.4 m, denoted by L, along its centerline and of inner diameter 80 mm. It is made of stainless steel of thickness 5 mm. Tube's inner surface is polished by honing with surface roughness Ra0.4 (ISO4287) to reduce influences of wall friction. The loop consists of 16 pieces of curved tubes of length 0.8 m, which are connected hermetically by bolts through flanges. The centerline of the loop is circular of diameter about 4 m except for two straight sections of length 0.3 m placed at diametrically opposite positions. The looped tube is filled with atmospheric air and is set in a horizontal plane.
In each straight section of diameter 80 mm, a stack made of ceramics is housed and sandwiched by hot and cold (ambient) heat exchangers to impose a temperature gradient along the stack. The stack is of length 150 mm and of diameter 79 mm. Details of the stacks will be described in Sect. 2.2. A pair of stacks identical in geometry is installed in the straight sections, designated as Stack 1 and Stack 2 in Fig. 1 . Taking the x-axis from the cold end of Stack 1 along the centerline of the tube anticlockwise, a bellows is set in the section from x ¼ 1:1 to 1.3 m to ease in building the short tubes into one looped tube. Inner surface of the bellows is smooth and wavy of diameter 80 to 110 mm.
Stacks
The stack has many through pores of square cross section axially and regularly spanwise, which are divided into square cells over a cross section of the stack. Let a square pore of length 2H on a side be located at the center of a square cell of length 2H þ 2W on a side where 2W is thickness of the wall. The porosity ϕ is given by H 2 =ðH þ WÞ 2 . Four stacks of 100, 300, 600, and 900 cells=in 2 are used. Geometry of each stack is given in Table I other stacks of 300, 600, and 900 cells=in 2 are made of cordierite and manufactured by NGK Insulators, Ltd. It is noted that the porosity increases with the number of the cells. For later use, a hydraulic radius of the pore is defined by twice the area of the pore 4H 2 divided by the wetted perimeter 8H, and therefore it is given by H.
Heat exchangers and electric heaters
The stack is sandwiched by hot and cold heat exchangers so that a temperature gradient may be imposed on the stack in the positive sense of the x-axis. The hot heat exchanger consists of a tube of axial length 50 mm, of inner diameter 80 mm and of thickness 5 mm with equally spaced 7 plates of thickness 2 mm and of axial depth 10 mm in the cross section. This is made of single stainless steel.
A tubular heater of length 1,150 mm and of diameter 4 mm (Türk+Hillinger Gmbh, RPT129903, 630W=230V) with a built-in thermocouple of J-type is wound around the outer surface of the tube of diameter 90 mm. The hot heat exchanger is placed in contact with one end of the stack.
A cartridge heater of length 40 mm and of diameter 10 mm (Sakaguchi E.H Voc. 50W=100V) with a built-in thermocouple of K-type is embedded into the stack and cemented just from the hot end of the stack up to 40 mm in depth along its centerline. Electric powers supplied to the tubular and cartridge heaters are controlled by changing voltages of two transformers operated at 210 and 100 V, respectively.
The cold heat exchanger consists of a tube of axial length 30 mm, inner diameter 80 mm and of thickness 1 mm with equally spaced 7 plates of thickness 2 mm and of axial depth 10 mm in the cross section. This is made of single copper. Around the outer surface of the tube is brazed a water jacket, through which a tap water circulates. The cold heat exchanger is placed in contact with the other end of stack and is kept at an ambient temperature. The porosity of the hot and cold heat exchangers is 0.82 and 0.81, respectively.
Measurements of temperature and pressure
The pair of the tubular heaters wound around the heat exchangers on Stack 1 and Stack 2 is heated up evenly with electric powers supplied by one transformer, while the pair of the cartridge heaters on Stack 1 and Stack 2 is also heated up evenly but separately from the pair of the tubular heaters by the other transformer. A protocol to apply voltages of the transformers to each pair of the heaters is fixed in advance up to 7,200 s, as shown in Fig. 2 , and is followed every time in doing experiments.
Electric powers supplied by two transformers to the tubular and cartridge heaters are measured by digital power monitors (DROK AC80-260V) and a handheld, digital clamp meter (Sanwa Electric Instrument DCM2000AD), respectively. The Figure 3 shows typical records of the temperatures of the heaters and of the input powers supplied to them when the stacks of 600 cells=in 2 are used. For the other stacks, quantitative features are almost the same. Figure 3 Because of the jumps of the voltages applied (see Fig. 2 ), the temperatures of the heaters change discontinuously in slope. Although the powers are supplied evenly to the heaters as shown in Figs. 3(b) and 3(d), it is seen that the records of the temperatures in Fig. 3(a) are different from the ones in Fig. 3(c) . From the temperature of air measured at the position E in Fig. 3(a) , it has been kept at the ambient temperature but it increases suddenly just after 4,000 s and drops at 5,000 s. This will be discussed later.
Results of the Experiments
Temperatures of the heaters and input powers
In the course of time from the start of the experiment, not only the stacks but also the tube wall and the air adjacent to the hot heat exchangers are gradually warmed up so that a temperature gradient is built up on the tube wall to spread axially by heat conduction and heat transfer. Such a section plays substantially a role of the buffer tube. After 6,000 s, it appears that the temperature distribution on the tube wall in this section is steady. To limit it within a definite length, a cold (ambient) heat exchanger should be installed at an appropriate position to cut a leakage of heat flow beyond the buffer tube. Although this is not installed in the present experiments, the section of the buffer tube is limited within about 1 m.
Onset of instability
In Fig. 3(a) , it is seen that the temperature of the tubular heater increases at 2,300 s by increase of voltage from 141 to 200 V but it suddenly drops off sharply. In the other heaters, however, no drop is seen in Fig. 3 (c) as well. At 2,630 s soon after the drop, indicated by the vertical broken lines in Fig. 3 , the onset of instability occurs. For the other stacks used, Table II gives the elapsed time until the onset of instability from the start of experiment together with the ambient conditions. Table III gives the temperatures of the TH and CH on Stack 1 and Stack 2 at the onset of instability. Fig. 4 (e), though no difference is identified here except for the magnitude of the envelope. The case shown in Fig. 4 (e) will be discussed.
In the table inset in Fig. 4 , the rise time Át when the envelope increases from 10 À3 to 10 À2 is given for the cases in (a) to (d). Assuming the step-up behavior in the form of expðtÞ, the growth rate α [s −1 ] is calculated to be log 10=Át. Here Át is manually measured by drawing a straight line tangent to the envelope so errors are involved in the last digit. For the case in (e), Át is determined by extrapolating the tangent up to the line p 0 =p 0 ¼ 10 À2 . It is found that the stepup becomes quicker as the number of cells decreases, i.e., the pore radius becomes larger.
Steady state of oscillations
After it elapsed about 6,000 s, Figs. 3(a) and 3(c) show that the temperatures of the tubular heaters are kept at about 600°C, while the ones of the cartridge heaters are kept at about 200°C. Then the oscillations begin to approach a steady state. It is noted that in spite of increases in the input powers to the cartridge heaters at 4,000 and 5,000 s, their temperatures decrease sharply. Since the input energy (heat) cannot be escaped from the stacks, they are considered to be transferred to the stacks and transformed into the energy of the oscillations of the air. If a peak in each figure is followed, it is seen to move rightward from A to D. This suggests that the oscillations propagate in the positive sense of x. Time interval between neighboring troughs is read off to be about 40 ms, and the sound speed in the tube is estimated overall to be 340 m=s Step-up behaviors at the onset of instability in envelopes of the excess pressure p 0 measured at the position A relative to p 0 for the four sets of the stacks where the origin of time is taken arbitrarily. Table inset summarizes the rise time Át when the envelope increases from 10 À3 to 10 À2 and the growth rate calculated by log 10=Át. When the experiments using the stacks of 900 cells=in 2 are repeated, another step-up behavior different from the one in (d) is observed, though no difference is identified in the envelopes of (d) and (e) except for the magnitude.
roughly. A distance calculated by product of them is 13.6 m, which is nearly equal to the loop length. Hence it is found that the mode of oscillations in Figs. 5(a) to 5(d) is a 1-wave mode for which the loop length corresponds to one wavelength. In contrast, because the period in Fig. 5(e) is half, the mode of oscillations is a 2-wave mode.
It is seen in all figures that the profiles of the 1-wave mode are rounded at crests and steep in troughs. The peak-to-peak pressure takes the greatest value at the position D near the cold heat exchanger on Stack 2. In the 1-wave mode, the same profile should be observed at a position near Stack 1 diametrically opposite position of D but the phase is out of 180°. The depth of troughs is greater in all profiles than the height of the crests. Fig. 5 shows the peak-to-peak pressure Áp relative to p 0 . Among all cases, the maximum in Áp=p 0 takes about 15% in (c). The profiles at the positions C and D in (b), (c) and (d) involve discontinuities. These are acoustic shock waves. Since the oscillations are nonlinear oscillations, they involve many Fourier components. The table inset in Fig. 5 summarizes the fundamental (lowest) frequency of the oscillations for all cases.
So far the description has been concerned with the 1-wave mode only. When the stacks of 900 cells=in 2 are used, the 2-wave mode emerges besides the 1-wave mode and the fundamental frequency is almost twice the one of the 1-wave mode. It is difficult to tell in advance of an experiment which mode of oscillations will emerge, because uncontrollable Table inset shows the fundamental frequency of oscillations and the peak-to-peak pressure Áp measured at the position D relative to p 0 for the stacks used.
disturbances determine either one of the modes. However it is observed that the mode can be selected by shifting the position of the tubular heater by several millimeters only! The shift results in a small change in the temperature gradient. This implies that the marginal conditions for the two modes are very close.
Discussions of the Results
Temperatures of the stacks and the air
The temperatures of the heaters in Fig. 3 are mentioned. At first, it is interesting to notice that just before the onset of instability, the temperature of the tubular heater on Stack 1 drops suddenly as in Fig. 3(a) , whereas no drops occur in the other heaters. Such a drop is commonly observed in all experiments but the drop does not necessarily occur in the tubular heater on Stack 1 only. It occurs in the cartridge heaters as well.
Soon after the drop, the air in the tube begins to oscillate suddenly and spontaneously. Hence it is considered that the drop results from a heat transfer at the surface of the heater different from the one before the drop occurs. This change in heat transfer is due to instability of heat flow through the air in the tube and is brought about by the very thermoacoustic effects. Thus the sudden drop in the temperature of the heater is identified as a precursor of the onset of instability.
The Reasons of this are speculated as follows. While the temperatures of the heaters are low, the air heated in the stacks and the buffer tubes moves upward only by buoyancy to remain in contact with the walls of the pores and the tube but cannot move along the tube against the wall friction. This is because the loop is set in a horizontal plane almost perfectly. However since a slight inclination is unavoidable in reality, the sense of the temperature gradient is opposite in both stacks in relation to that of the buoyancy, unless either one of the stacks is located at the highest position along the loop. This will make the heat transfer at the hot heat exchanger and on the surface of the stack wall different in both stacks.
The temperature of the air at the position E rises suddenly at 4,000 s in accordance with the increase in input power at 4,000 s. This rise is conjectured to be brought about by rapid motions of hotter air. As the temperature becomes higher, the wall friction can no longer resist the buoyancy so that a large amount of hotter air moves suddenly toward the highest position in the loop. This is the position E where the hotter air remains.
Just after 5,000 s, however, the temperature at the position E drops suddenly by the increase in input power at 5,000 s. At the same time, the temperatures of both cartridge heaters as well as the temperature of the tubular heater on Stack 1 drop rapidly. This suggests that the amplitude of oscillations becomes larger than that at 4,000 s so that an acoustic streaming would be enhanced. Thus the drop in the temperature of the air at the position E is speculated to be brought about by the acoustic streaming, which circulates slowly along the loop in the positive sense of x.
Marginal conditions for the onset of instability
Marginal conditions for the onset of instability of quiescent air in a looped tube are available theoretically for a circular pore, if temperature distributions in the stacks and the buffer tubes are given and fixed in time. The conditions give the temperature ratio T H =T 0 (in kelvin) against the pore radius R s in the stack where T H denotes the highest temperature of the stack wall. If the square pore of one side 2H is approximated by a circular pore of the hydraulic radius R s (¼ H), the experimental results can be compared with them.
The marginal conditions are derived by solving an eigenvalue problem to Rott's equation 5, 6) by assuming that the excess pressure p 0 is given in the form of PðxÞ expði!tÞ where ω is an angular frequency to be determined so that the complex amplitude PðxÞ becomes a periodic function of x with period L. For an arbitrary temperature ratio T H =T 0 , ω is obtained to be complex. The marginal condition corresponds to the one of neutral oscillations in which ω takes a real value for a certain value of T H =T 0 . Details are given in the paper. 13) For the temperature distributions in the stacks and in the buffer tubes assumed in the form of exponential and quadratic functions, respectively, increasing and decreasing with x, Fig. 6 shows the marginal conditions for T H =T 0 against stack's pore radius R s [mm] with the porosity ϕ fixed at 0.58, 0.83, 0.86, and 0.88 corresponding to the stacks of 100, 300, 600, and 900 cells=in 2 , respectively. Here no account of the heat exchangers is taken because they are short axially. Domains above and below each curve correspond to unstable and stable regimes, respectively. The porosity of the stack of 100 cells=in 2 is 0.58, while the one of the other stacks is 0.83 to 0.88 and very close. Thus the marginal curves except for the stack of 100 cells=in 2 are also close with each other.
To compare the experimental results with these curves, T H should be specified. In the theory, T H is uniform for all pores in the stack. As is shown in Table III , however, the temperatures of the heaters at the onset of instability are different and T H cannot be determined. To make up a single temperature for Stack 1 and also for Stack 2, a mean temperature is used here. However, an arithmetic mean is inappropriate in the present case of a cylindrical shape of the stack. Table I ). The solid symbols of circle, triangle, square and diamond represent the temperature ratios T w =T 0 in Table IV Regarding the stack as being made of a homogeneous medium and neglecting the axial temperature gradient locally, the temperature of the stack in contact with the hot heat exchanger is assumed to be modeled by a following equation for steady heat conduction as
where r and T w denote, respectively, the radial coordinate and the temperature of the stack wall. Letting the outer and inner radii of the stack to be r o and r i , respectively, and the temperatures at r ¼ r o and r i to be T o and T i , respectively, T w is obtained as
Hence the mean temperature T w over the cross section is given by
In the present case, r o and r i are taken to be 39.5 and 5 mm, respectively, from the radii of the stack and the cartridge heater, while T o and T i are taken from the temperatures of the tubular and cartridge heaters in Table III , respectively. It is noted that because the tubular heaters are thermally not in a perfect contact with the stacks, the temperature of the stack would be lower than the ones of the heaters in Table III . Nevertheless, the mean temperatures at the hot ends of Stack 1 and Stack 2 are calculated by (3) and shown in the column T w [°C] in Table IV together with the temperature ratios (in kelvin) of all heaters relative to the ambient temperature T 0 in Table II . Here TH and CH denote, respectively, the temperatures of the tubular and cartridge heaters on Stack 1 and Stack 2 in Table III converted into  kelvin. Taking T w in each stack to be T H , the ratios T H =T 0 are plotted in Fig. 6 where the solid symbols of circle, triangle, square and diamond represent, respectively, T w =T 0 at the hot end of Stack 1 of 100, 300, 600, and 900 cells=in 2 , and the open symbols represent the ones on Stack 2 corresponding to those on Stack 1. It is found that all temperature ratios are higher than the marginal conditions. Since the domain above the marginal curve is the unstable regime, the imaginary part of ω is negative and ÀImf!g gives the growth rate in the form of expðÀImf!gtÞ. Figure 7 shows the growth rate against the temperature ratio T H =T 0 for the four sets of the stacks. For the stacks of 900 cells=in 2 , the solid and broken curves are drawn for the 1-wave and 2-wave mode, respectively. For a fixed value of the temperature ratio, the growth rate for the 1-wave mode becomes larger as the number of cells decreases, i.e., as the pore radius becomes larger. The growth rate of the 2-wave mode is greater than the one of the 1-wave mode. These agree qualitatively with the experimental results.
Taking T w =T 0 in Table IV as T H =T 0 , the growth rates are calculated for Stack 1 and Stack 2 theoretically and given in the columns of Cal.1 and Cal.2 of Table V, respectively. These values lie, of course, on the theoretical curves of the growth rate versus T H =T 0 . For the growth rate measured in the column of Exp. in Table V (which is given in the table inset in Fig. 4) , on the other hand, the temperature ratios on Stack 1 and Stack 2 are plotted in Fig. 7 by using the same solid and open symbols as the ones in Fig. 6 . For the growth rates measured in the 2-wave mode, the temperature ratios on The solid symbols of circle, triangle, square and diamond represent the growth rates at the temperature ratios T w =T 0 in Table IV , the marginal conditions for the 1-wave and 2-wave modes with the porosity fixed at 0.88 are compared in Fig. 8 . It is found that the minimum temperature ratio in each curve is slightly lower in the 2-wave mode and that for a pore radius at intersection of the curves, two modes becomes unstable simultaneously at the same temperature ratio. For R s ¼ 0:40 mm in the present case, the temperature ratio for the 2-wave mode is obviously low. This suggests that as the stacks are heated up in the experiments, the 2-wave mode begins to become unstable earlier than the 1-wave mode. In the experiments, however, this is not always the case.
For the 1-wave mode, the temperature ratios T w =T 0 on Stack 1 and Stack 2 in Table V are marked in Fig. 8 by the solid and open circles, respectively, while for the 2-wave mode, they are marked by the solid and open triangles. Strange enough, the temperature ratios for the 2-wave mode are greater on each stack. This may have some bearing on the growth rates, which are measured smaller than the theoretical ones.
Here some discussions on the discrepancy between the marginal curves and the plotted data are made. The growth rate calculated is based on the linear theory assuming infinitesimally small disturbance, whereas it was measured for the amplitude of p 0 =p 0 between 10 À3 and 10 À2 and the oscillations are within nonlinear regime. If Landau-Stuart equation is valid, 14) the growth rate measured should be lower than the linear one due to the effects of finite amplitude. However, on the contrary, the growth rate is greater than the linear one. Recently Gupta et al. 15 ) examined the step-up behavior in the experiment by Yazaki et al. 4) in detail by the computational fluid dynamics. From their results, the range between 10 À3 and 10 À2 belongs to their second regime of hierarchial spectral broadening subsequent to the first regime of the modal growth predicted by the linear theory.
In this connection, on the other hand, Penelet et al. 16) reported the double-threshold phenomenon which occurs during the amplification regime. It means that the initial exponential growth of oscillations is followed by an intermediate quasi-stabilization regime (with amplitude growing slowly), which is followed by another exponential growth before another stabilization regime. Just before the second threshold, the temperature of the stack is observed to decrease. After the second threshold, the pressure amplitude increases from 10 À3 to 5 Â 10 À3 relative to p 0 . In view of this, the pressure amplitude before t ¼ 0 in Fig. 4 appears to increase, though contaminated with noise. If this behavior were measured precisely, the exponential growth rate would be compared with the linear theory. To do this, the present sensors for measurement at high pressure level are not suitable but rather a condenser microphone for low pressure level should be used. In the double-threshold phenomenon, the exponential growth after the second threshold is in nonlinear regime so that its rate has nothing to do with the one by the linear theory.
Pressure profiles of the oscillations
Although the growth rate of the 1-wave mode in Table V becomes greater as the pore radius becomes larger, it is found from Fig. 5 that the peak-to-peak pressure at the steady state of oscillations becomes smaller. In this sense, the initial growth rate has no bearing on the magnitude of the oscillations which emerge in the steady state. In the profile labeled D in Fig. 5(d) , p 0 =p 0 attains −10% in the trough in contrast to 5% on the crest so that the peak-to-peak pressure relative to p 0 is 15% and is the greatest in all experiments.
Asymmetry in the height of the crest and the depth of the trough implies that the mean pressure over the period of oscillations is negative at the position D, as it varies along the tube non-uniformly. As stated in Introduction, the magnitude of oscillations at the steady state is determined by nonlinear phenomena associated with the oscillations of air such as emergence of acoustic and thermoacoustic streamings, formation of vortical flows near the ends of the stacks and enhanced heat transfer, emergence of shock waves, etc. At present, however, it is unknown which phenomena are to determine the magnitude critically.
It is commonly seen in Fig. 5 that as the peak-to-peak pressure becomes large, the trough is deeper and sharper and that the discontinuity in pressure, i.e., acoustic shock wave tends to emerge. Although no shock waves emerge in the case with the stacks of 100 cells=in 2 , it is reported in the previous paper 17) that they emerge in the case of another stacks of 100 cells=in 2 having a smaller radius and porosity (2H ¼ 1:75 mm, 2W ¼ 0:75 mm, and ¼ 0:49). For the difference between the shocked and unshocked oscillations in the case of 100 cells=in 2 , see Sugimoto and Minamigawa. 18) Next the axial distributions of pressure amplitudes measured are discussed in light of the linear theory for the 1-wave mode at the marginal state. For the case of the stacks of 600 cells=in 2 with R s ¼ 0:48 mm and ¼ 0:86, Fig. 9 shows axial distributions of the real parts of the complex amplitudes of the pressure PðxÞ and of the axial mass flux density FðxÞ defined by e U, e ðxÞ, and UðxÞ being, respectively, the density of air in the quiescent state and the complex velocity amplitude in the x-direction. The scale of P is arbitrary in the marginal oscillations of infinitesimally small amplitude so PðxÞ is made dimensionless by taking a reference pressure Pð0Þ and U is made dimensionless by Pð0Þ= 0 a 0 , 0 , and a 0 being, respectively, the density of air and the sound speed under the ambient condition.
Because of the jump in the porosity at both ends of the stacks, F is discontinuous there. Here I denotes the axial acoustic energy flux density (sound intensity) averaged over the period of oscillations defined by RefPU Ã g=2, U Ã being the complex conjugate of U. The axial positions of the ends of the stacks and the buffer tubes in x=L are not indicated explicitly, but they are understood to be at the positions of the discontinuities in the profiles and their slopes. The positions A, B, C, and D for measurements of the pressure correspond, respectively, to the positions x=L ¼ 0:13, 0.25, 0.37, and 0.49 in Fig. 9 , which are indicated by the vertical dotted lines.
It is firstly noted that the profiles of P and F resemble with each other except in the sections of the stacks and the buffer tubes. Because no phase difference between them is seen, the oscillations occur almost in the form of a traveling wave. It is found that RefPg takes the greatest value in the vicinity of the stacks, while RefFg takes the greatest value at the end of the buffer tube. As for the pressure amplitude, the position B is close to the node of oscillations, while the position D is close to the loop. The mean acoustic energy flux density I is positive everywhere. This also indicates the traveling wave. In the outside of the stacks, it decreases with x due to the wall friction, but is amplified through the stacks by the thermoacoustic effects.
On comparing with the pressure profiles measured, the maximum pressure at D in Fig. 5 takes consistently the greatest values among the ones measured. On the contrary, however, the one measured at B is smaller but the pressure does not vanish. This is due to the fact that the oscillations are nonlinear and many higher harmonics are involved in the profiles. Hence the axial distributions shown in Fig. 9 should be understood to be the component in the 1-wave mode of oscillations.
In the 2-wave mode shown in Fig. 5(e) , two oscillations take place in two sections of the tube divided by Stack 1 and Stack 2. Therefore this mode may be regarded substantially as the 1-wave mode in a tube of length L=2 with a single stack. Axial distributions of the real parts of P and F together with I in the 2-wave mode are shown in Fig. 10 in the case of the stacks 900 cells=in 2 with R s ¼ 0:40 mm and ¼ 0:88. The positions B and D are near the loop of oscillations, while A and C are near the node. In light of these, it is understood that the profiles B and D are very similar with a phase difference of 180°and the magnitude of the pressure is large, while the profiles A and C are similar but the magnitude is small. As is the case of the 1-wave mode, two stacks boost up the mean acoustic energy flux density to compensate the decrease due to the wall friction in the outside of the stacks.
Physical mechanisms of shock formation
As the magnitude of oscillations becomes large, the shock waves tend to emerge as in the case of resonantly forced oscillations of a gas column in a closed, uniform tube without a temperature gradient. [19] [20] [21] A reason why the shock wave emerges in the looped tube lies in the eigenfrequencies of oscillations. For the stacks of 600 cells=in 2 with the porosity ¼ 0:86, for example, Fig. 11 shows the marginal conditions for the 1-wave to the 5-wave modes of oscillations versus the pore radius R s . It is found that the higher modes are excited at small temperature ratio and the minimum temperature ratio in each mode is the smallest not in the 1-wave mode but in the 2-wave mode.
For R s of 0.48 mm in the present stacks, there are at least 5 unstable modes involved in the steady oscillations at 7,000 s where the mean temperature ratio T w =T 0 % 2 on Stack 1 and Stack 2. As the peak-to-peak pressure increases, higher harmonics having frequencies of multiples of the ones of the unstable modes tend to be excited one after another by nonlinear effects in oscillatory motions of air.
In general, when eigenfrequencies of oscillations in a tube are integral multiples of the first eigenfrequency, then the , where e , U, and U Ã denote, respectively the density of air in the quiescent state, the complex velocity amplitude and its complex conjugate. Here the scale of P is arbitrary so that P is made dimensionless by Pð0Þ and U by Pð0Þ= 0 a 0 , 0 , and a 0 being, respectively, the density of air and the sound speed under the ambient condition. , where e , U, and U Ã denote, respectively the density of air in the quiescent state, the complex velocity amplitude and its complex conjugate. Here the scale of P is arbitrary so that P is made dimensionless by Pð0Þ and U by Pð0Þ= 0 a 0 , 0 , and a 0 being, respectively, the density of air and the sound speed under the ambient condition. The vertical dotted lines indicate the axial positions A, B, C, and D for the measurements of the pressure.
tube is called consonant and otherwise dissonant. 21) Denoting an angular frequency in the n-wave mode of oscillations by ! n (n ¼ 1; 2; 3; . . .), the degree of dissonance is defined by the relative difference of the dimensionless angular frequency n normalized by L! n =a 0 from the one 2n for lossless propagation in the same looped tube without the stacks. Figure 12 shows the degree of dissonance in percentage versus the pore radius R s for the 1-wave to the 5-wave modes corresponding to the marginal conditions in Fig. 11 .
It is found from this that n is close to 2n within 1% even when the stacks are installed and the thermoviscous diffusions are taken into account. In terms of this, the present looped tube is substantially consonant so that many higher harmonics generated by nonlinear effects excite higher modes resonantly. By this excitation and its associated transfer of energy to higher modes in cascade, a steepening of the profile occurs spatio-temporarily, which results in emergence of the shock wave eventually.
It is found from Fig. 12 that for R s ¼ 0:48 mm, the first three dimensionless frequencies n (n ¼ 1; 2; 3) are downshifted below 2n. This may explain the shocked profile by analogy with that observed in the resonantly forced oscillations. 19, 20) When the gas column is excited at the resonance frequency, the shocked profile is antisymmetric with respect to the discontinuity. When excited slightly below the resonance frequency, the shocked profile is sharp in trough on the left side of the shock and rounded at the crest on the right. On the contrary, when excited slightly above it, the profile is rounded in the trough on the left and sharp at the crest on the right. Such a change in profile occurs by a subtle difference in phases.
In the self-excited thermoacoustic oscillations, however, no external forcing is present. Instead, the lowest 1-wave mode is active and the higher modes are also active up to the 5-wave mode. In addition because the dimensionless angular frequency in the lowest mode is downshifted slightly below 2, it is conjectured to play a similar role to the forcing below the resonance frequency. If thought so, the shocked profile in the thermoacoustic oscillations may be understood.
Conclusion
This paper has investigated experimentally the onset of thermoacoustic instability and ensuing emergence of selfexcited oscillations at a steady state in the looped tube with the pair of stacks installed inside on diametrically opposite positions. For all sets of the stacks of 100, 300, 600, and 900 cells=in 2 , it has been observed that the onset of instability takes place and subsequently the self-excited oscillations emerge and propagate along the loop in the sense of the temperature gradient. As the excess pressure increases, it has also been observed that the acoustic shock waves appear.
As this study is intended for scale-up of an apparatus, the wider and longer tube has been employed than those used in the preceding experiments. For excitation of oscillations in a long tube within an appropriate range of frequency, multistacks are required generally and the pair of stacks identical in geometry has been used as the simplest configuration. To remove unknown influences due to the bends in the tube on shock formation and its propagation, the loop was made circular except for the short straight sections.
In comparison with the desktop experiments, first of all, it has taken a much longer time until the onset of the instability begins because the stacks and the buffer tubes are not warmed up so quickly. Secondly it is observed that the 1-wave mode of oscillations usually occurs but the 2-wave mode is possible by a suitable choice of the stacks. Thirdly the acoustic shock wave usually emerges except for the case of the stacks of 100 cells=in 2 . As a consequence of this, the peak-to-peak pressure has been limited to be 15% of the atmospheric pressure, though the loss due to the wall friction in the section outside of the stacks is reduced relatively. From a standpoint of the energy harvesting, high-amplitude oscillations are preferable by suppressing lossy effects as much as possible. To achieve this, the shock formation should be avoided by designing a tube to be appropriately dissonant.
As for the behavior at the onset of instability, it is found that the temperature ratios measured are higher than the marginal conditions and that the growth rates measured from the envelope of p 0 =p 0 in the range between 10 À3 and 10 À2 are greater than the ones predicted by the linear theory. The growth rates by the linear theory should be compared with those for much smaller amplitude (before t ¼ 0 in Fig. 4 ). This suggests that the actual onset of instability took place, strictly speaking, before the pressure sensors captured the step-up behavior. In this connection, the step-up behavior observed may be just after the second threshold in the double-threshold phenomenon. In fact, it is accompanied by decrease in the temperature of the heater. At any rate, it is worth noting that the greater growth rate in the step-up behavior does not lead to the greater peak-to-peak pressure of oscillations at the steady state.
When the stacks of 900 cells=in 2 are used, it has been found that two modes of oscillations occur owing to uncontrollable disturbances. However no coexistence of the two modes has been observed. If the position of the tubular heater is shifted by several millimeters, the modes can be selectively excited.
This paper is concluded with mentioning unknown effects of the bellows. When the section of the bellows is moved, the magnitude of the oscillations at the steady state changes considerably. In the present experiments, the bellows is placed in such a section that the maximum in the magnitude of oscillations takes the greatest value. When the section is placed near the cold heat exchanger on Stack 2, the 3-wave mode is excited. Because the inner surface of the bellows is wavy of wavelength about 1 cm, it is much shorter than the wavelength of the oscillations and is thought to be negligible. However it will give rise to a small phase shift to the traveling waves, which would affect the magnitude of oscillations. Roles of the bellows should be clarified.
